The information within seismic data is band limited and angle limited. Together with the particular physics and geology of carbonate rocks, this imposes limitations on how accurately we can predict the presence of hydrocarbons in carbonates, map the top carbonate, and characterize the porosity distribution through seismic amplitude analysis. Using data for a carbonate reef from the Nam Con Son Basin, Vietnam, the expectations based on rock-physics analysis are that the presence of gas can be predicted only when the porosity at the top of the carbonate is extremely high (>35%), but that a fluid contact is unlikely to be observed in the background of significant porosity variations. Mapping the top of the carbonate (except when the top carbonate porosities are low) or a fluid contact requires accurate estimates of changes in V P ∕V S . The seismic data do not independently support such an accurate estimation of sharp changes in V P ∕V S . The standard approach of introducing lowfrequency models and applying rock-physics constraints during a simultaneous inversion does not resolve the problems: The results are heavily biased by the well control and the initial interpretation of the top carbonate and fluid contact. A facies-based inversion in which the elastic properties are restricted to values consistent with the facies predicted to be present removes the well bias, but it does not completely obviate the need for a reasonably accurate initial interpretation in terms of prior facies probability distributions. Prestack inversion improves the quality of the facies predictions compared with a poststack inversion.
Introduction
The Miocene carbonates of Southeast Asia act as reservoirs for significant hydrocarbon accumulations. Examples include the carbonate platforms of the Luconia Province in the Greater Sarawak Basin (Epting, 1988) , the East Natuna Basin containing one of the world's largest gas accumulations (Dunn et al., 1996) , and the Nam Con Son Basin (Lee et al., 2001) . The carbonate reservoirs of these basins have several commonalities: They are often pure limestone or dolomite with very little terrigenous input (<5%) and they have a broad range of porosities (5-45 pu or more) and very high gas saturations (>95% when porosity is high). Exploration for hydrocarbons and reservoir characterization in terms of porosity are two key objectives in which seismic data and seismic inversion can play a role. Important questions asked of the seismic data are: Can the presence of hydrocarbons be detected prior to drilling? Should we expect to see fluid contacts? How accurately can we map the top carbonate? Does amplitude variation with offset (AVO) help to answer any of these questions?
Seismic inversion has been used for evaluating carbonates for a long time. Pendrel and van Riel (1997) outline an inversion technique using as an example a Western Canadian reef. The method described by Pendrel and van Riel, although now outdated, highlights a continuing problem with inversion in general, which is the construction of the low-frequency or background model. In their method, the low-frequency component of the absolute impedance derived from the inversion is determined to a greater degree by ensuring that the absolute impedances lie with a predefined corridor. This means that the distribution of lithologies and fluids has to be known, at least roughly, prior to the inversion to correctly set the corridor. Even with improved inversion technology, the low-frequency model (LFM) problem remains, especially for carbonates in which the heterogeneity of carbonates over a range of scales makes interpolation of well data to provide an LFM unreliable.
The example of Pendrel and van Riel (1997) uses a single stack of seismic data as input to the inversion. At that time, there were no commercial inversion packages that inverted multiple angle stacks simultaneously. For some time, single angle stack inversion was regarded as sufficient for carbonates due to the expectation that there was little AVO associated with carbonates. The basis of this is the supposed and reported invariance of the V P ∕V S with respect to changes in porosity (e.g., Chako, 1989 ) and the insensitivity with respect to pore fluids (e.g., Rafavich et al., 1984) . Recently, there have been 1 Ikon Science, Kuala Lumpur, Malaysia. E-mail: marksams59@gmail.com. several examples using simultaneous inversion of multiple angle stacks for carbonates (Li et al., 2003; Zhang et al., 2011; Reveron and Roomer, 2013; O'Connell et al., 2015; Ma et al., 2016) . These examples claim that simultaneous inversion helps to delineate fluids, porosity, and lithology variations.
The move from single to multiple stack inversion increases the problems of inversion in two main regards. First, with respect to the background or LFM, a simultaneous inversion requires a model for each of the properties for which the inversion solves, for example, Pimpedance, S-impedance, and density. If the well data are interpolated to provide an LFM, the top carbonate, fluid contact, and a high degree of lateral continuity must be assumed. If the seismic velocities are used to constrain the LFM, conversion of velocity to the required elastic properties should be adjusted dependent on the distribution of lithology, fluid, and porosity. This implies that prior knowledge is required. The expectation of running inversion under such circumstances would be that the seismic data contain sufficient information to provide inversion results that can help to improve that initial interpretation and allow the LFM to be improved (Sams and Carter, 2017) . This points to the second problem, and that is whether the seismic data contain sufficient information. It is known that shear impedance (and therefore V P ∕V S ) is less well-constrained from inversion than acoustic impedance (Dębski and Tarantola, 1995) . The band-limited and angle-limited nature of seismic data mean that V P ∕V S from seismic inversion is uncertain in the presence of noise. Many simultaneous inversion implementations include terms within the objective function that are used to stabilize V P ∕V S (e.g., Kemper, 2010) . These terms are general and not specific to the different distributions of lithology or fluid, which are not known accurately prior to inversion.
In 2016, a well was drilled into a Miocene reefal carbonate buildup located in the southeast of the Nam Con Son Basin offshore Vietnam. The well encountered gas in a highly porous dolomitized carbonate section. The predrill prediction from seismic data of the top of the carbonate and the gas-water contact (GWC) were slightly inaccurate. This raised the issue of the robustness of the interpretation of the carbonate away from the well control. A rock physics and inversion study were undertaken to understand the limitations of the seismic data for accurate delineation of the carbonate and fluid distribution. In this paper, we use these data to explore how the limited information within the seismic data places demands on the inversion process for producing realistic models of the subsurface that honor all the information available (seismic, rock physics, geologic, well). The paper follows the outline of a standard inversion workflow: petrophysics, rock physics, feasibility analysis, well tie and wavelets, inversion, and interpretation. Three inversion types are run: single stack inversions of near-and far-angle stacks, standard simultaneous partial angle stack inversion, and a faciesbased simultaneous inversion. These three inversions highlight the strength of constraint required to produce realistic models of the carbonate and highlight the uncertainties in predicting or interpreting the critical features of the carbonate reservoir.
Rock physics and AVO
Prior to seismic inversion, it is important to understand the relationships between the seismic amplitudes and the petrophysical and reservoir properties of the different rocks being investigated. That is, it is important to understand the rock physics. This understanding will shed light on the quality of the measured well-log data and any petrophysical interpretation thereof, the quality of the seismic data, the expectations in terms of seismic amplitude behavior, and the potential and/or barriers in achieving the seismic inversion objectives. In this case study, the objectives were in terms of predicting the top of the carbonate, the fluid distribution (that is the GWC), and the porosity.
The approach taken here is standard: A petrophysical interpretation is made to provide estimates of the volumes of minerals and fluids present, the measured elastic properties (P-sonic, S-sonic, and density) are reviewed with respect to the petrophysical volumes and if necessary conditioned and corrected, and the well is tied to the seismic data. Iterations through these steps may be required to ensure internal consistency. It is then possible to carry out a well-log-based inversion feasibility analysis.
Petrophysics
A standard petrophysical interpretation has been carried out that is calibrated to core data. The core data are represented by 53 core samples and 17 sidewall core samples. Four samples represent the overburden, predominantly claystone, and only two samples are taken below the GWC. The samples have been subjected to routine core analysis for porosity. In addition, thin section, scanning electron microscope, and X-ray diffractometry analyses have been made on all samples. For the petrophysical interpretation, clay content has been estimated from the gamma-ray log. The dolomite versus calcite content has been interpreted from a ternary plot. Saturation has been interpreted from the resistivity log using the Archie equation with a, m, and n determined from routine core analysis. Porosity has been estimated from the density log. There is a good match between the interpretation and the core data. The results (Figure 1 ) indicate that the carbonate has been almost completely dolomitized over the upper interval with the presence of only minor clay (core yields 5% on average) and calcite (1.2% on average). Increased calcite is indicated with depth, but this is less well-constrained by core data. Porosities range from approximately 10 to 45 pu. Estimated gas saturations approach 98% in some intervals. Some gas is predicted below the GWC that was determined from pressure data. The overburden is shale, but lack of core data means that the volume estimates for minerals and fluids in the shale are uncalibrated. It is of T642 Interpretation / November 2017 interest to note that the measured grain density in the dolomitic interval is 2.82 g∕cm 3 compared with the standard value of 2.87 g∕cm 3 for dolomite. Taking the average volumes of the minerals, this would imply a density of 1.2 g∕cm 3 for the clays if the dolomite density was set to 2.87 g∕cm 3 , which seems too low, and it therefore may indicate a nonstandard density for the dolomite. There is no indication from the core data analyses why this might be so.
Rock physics
P-sonic and S-sonic data were measured; however, issues with interpretation of the recorded waveforms meant that the data required further processing. The reprocessed data are crossplotted in Figure 2 . The data are colored according to zone (overburden, above GWC, below GWC with low gas saturation, fully brine saturated) and overlain by lines of constant V P ∕V S ratio and empirical relationships for dolomite and calcite. Despite the processing, some of the V P ∕V S values fall below the lower physical limit of ffiffi ffi 2 p , indicating uncertainties in interpreting sonic waveforms when highly attenuated by the presence of significant gas. It is also clear that the data do not follow the empirical trends when fully brine saturated. Xu et al. (2007) propose a model whereby limestones contain a variety of pore types that can be modeled with different aspect ratio inclusions. Microporosity, which does not contribute to the effective porosity, is represented by low-aspect-ratio brine-filled inclusions and will have a strong influence on the velocities. Indeed, it is the presence of microporosity in the model that allows the nonempirical trend to be matched (Figure 2 ). A problem with implementing Xu et al. (2007) model is the number of unknowns: There are many models that fit the data to an acceptable degree. It is possible though to arbitrarily assign an aspect ratio to the microporosity and adjust other model parameters until there is a fit to the data. Ensuring that the model fits the data for low and high porosity as well as brine-and gas-saturated rocks limits the number of solutions. Here, the microporosity is assigned an aspect ratio of 0.01. The mineral properties are taken as standard except for the dolomite density, which is taken from the average of the core measurements of grain density, and the clay properties, which are adjusted until the overburden is matched when the clay pore aspect ratio is set to 0.05. The values of the mineral properties are shown in Table 1 . It is determined that when using these constraints, a reasonable model can be found in which the microporosity makes up only 2% of the porosity assigned to the dolomites and Figure 1 . The interpretations of the mineral and fluid volumes from the calibrated petrophysical analysis are shown in the first two tracks. The measured P-wave velocity, S-wave velocity, and density are shown as black curves in the tracks to the right. The predicted P-wave velocity and S-wave velocity are plotted in red. The modeled density is identical to the measured density. The minerals are colored gray for clay, purple for dolomite, cyan for calcite, and yellow for quartz. The fluids are colored blue for brine and red for gas. Vertical axis tick marks are every 10 m. The well is vertical, and the top of the carbonate is approximately 1200 m total vertical depth subsea (TVDss). The thick horizontal lines mark the top of the carbonate (TC) and the GWC. A crossplot of P-wave velocity versus S-wave velocity color coded by zone: the blue for brine carbonate; the red for gas carbonate; the pink for the transition zone, and the gray for shales. Lines of constant V P ∕V S from 1.4 to 2.2 every 0.2 are plotted in the black. Empirical models for dolomite and calcite (Mavko et al., 1998) are plotted in the magenta and cyan, respectively.
Interpretation / November 2017 T643 the macroporosity is assigned an aspect ratio of 0.20. The fit to the P-and S-wave velocities is shown in Figure 1 . The model fits the general trends of the data if not the finer detail. Note that the modeled elastic data have been Backus averaged using a window of 1 m to match the scale of the measured sonic log data, which are not quite as fine as that of the petrophysical data. The results shown are consistent with Gassmann's fluid substitution, such that the in situ gas data after substitution to full brine saturation follow the trends of the in situ brine rocks (of course, Gassmann might not be applicable here as has often been argued when dealing with carbonates; see Adam et al. [2006] for a discussion). Without any further information to constrain these results, they are taken forward while bearing in mind the potential for incorrectly estimating the fluid effects.
This simple rock physics model can be used to generate different fluid scenarios for further modeling. Brine and 95% gas scenarios are created for the complete carbonate interval. The scenario of 95% gas saturation in the lowest porosity units is speculative because we have no idea whether such low water saturations would be possible in reality. The insensitivity of the elastic properties to fluids at these low porosities, as indicated by the results, suggests that this is not an important concern in this case. The results are shown in Figure 3 in which acoustic impedance is crossplotted against V P ∕V S . The modeled data are shown for the brine and gas scenarios, and the measured data are shown for the overburden shales. The implication is that inversion of seismic data to acoustic impedance and V P ∕V S will allow discrimination between gas and brine carbonates at least when the porosities are greater than 25 or 30 pu. Below 15 pu, the difference between gas-and brine-saturated rocks is less than the variations observed in the measured data and potentially below the level of uncertainty in any inversion results. It is also interesting to note that the top of the carbonate might not be easily interpreted on seismic data if the rocks have high porosity and are brine filled because the acoustic impedance and V P ∕V S would be very similar to that of the overburden. Note that the acoustic impedance of shales in the overburden will increase with depth and the V P ∕V S will decrease.
With the modeled data, it is possible to predict the AVO response of various scenarios. The response at the top of the carbonate will depend on the porosity of the carbonate, the fluid fill, and the depth, which affects the compacting shale properties in the overburden. Taking the average elastic properties for a carbonate with porosities of 19, 29, and 39 pu for gas and brine, and shale properties for the depth of the carbonate at the well location, the reflection coefficients can be calculated for shale on carbonate and plotted against the reflection angle using the Zoeppritz equations. Note that the measured not the modeled data are used for the shale properties. The results are shown in Figure 4a and confirm what one would predict from the data in Figure 3 . The near-stack reflection coefficients vary significantly depending on the porosity of the carbonate. The effect of fluid is to modify the near-stack reflection coefficient and to a lesser degree the gradient of AVO behavior. The fluid effect decreases with decreasing porosity. When the porosity is high (lighter colored curves), the zero-offset reflection coefficient is low and sometimes negative producing a class II or class IIp AVO. When the porosity is low (darker curves), the zero-offset reflection coefficient can be very high (>0.4) and the critical angle might be obtained for angles of less than 30°. The zero-offset reflection coefficients for the brine and gas cases overlap for a broad range of porosities suggesting that the AVO gradient will be important for predicting the fluid at the top of the carbonate.
The AVO curves for fluid contacts are displayed in Figure 4b . Naturally, they have a positive zero-offset reflection coefficient and the gradients are fairly flat or slightly positive. The AVO curves for reflections between brine carbonates with different porosities are shown in Figure 4c (curves for gas on gas are similar in character). Only those curves for positive zero-offset reflection coefficients are shown, that is, for a decrease in porosity.
The implications that can be drawn from these AVO curves are first that the fluid at the top of a carbonate might only be predicted when the porosities are very high (greater than 35 pu); however, when the porosities Figure 3 . A crossplot of acoustic impedance versus V P ∕V S for shales (measured data -gray triangles), modeled brine carbonates (circles), and modeled gas carbonates (squares). The carbonate data are colored by porosity.
T644 Interpretation / November 2017 are this high, the reflection coefficients for shale on gas carbonate might be very low and delineating the top of the carbonate would then be challenging. Second, the internal reflections from changes in porosity are very similar to reflections from the top of the carbonate for moderate to low porosities, such that if the top of the carbonate is not easily detected due to high porosities, the depth to the top carbonate might be over-predicted by identifying a high to low porosity change within the carbonate as top carbonate. Third, the fluid contact is a relatively weak reflection compared with potential reflections from vertical changes in porosity such that, if there are significant vertical changes in porosity that are laterally continuous and flat, the fluid contact might be difficult to discriminate. The AVO synthetic gathers for the in situ fluid case and the fluid-substituted brine case are shown in Figure 5 . A wavelet extracted from the seismic data using the well-log data and a zero-phased version of this wavelet have been used to generate the synthetics. The extracted wavelet has a phase of approximately −70°. The finer detail in the vertical variations of porosity within the carbonate means that the top of the carbonate is neither at a trough nor a peak but at a zero crossing for the in situ fluid case for a zero-phase wavelet. When fluid substituted to brine, the top of the carbonate is close to a peak. If the vertical porosity profile remains laterally constant, we would therefore expect to see a change in the sign of the largest amplitude near the top of the carbonate as the top carbonate dips below the GWC. We should note that such a reversal could also indicate a change in porosity and that a high degree of lateral continuity is not expected. When using the extracted wavelet the top of the carbonate is close to a peak for the in situ data and the peak shifts down slightly below the top carbonate for the brine-saturated case. An acquired zero phase processed vertical seismic profile (VSP) with significantly higher frequencies than the seismic data shows the top carbonate at the well location is aligned with a peak because there is a thin hard carbonate layer present above the high-porosity zone. This is supported by synthetic modeling with a highfrequency wavelet. All of this has significant implications in terms of interpreting the top carbonate because the correct pick will be dependent on the phase of the seismic, the frequency content of the seismic, and the vertical profile of the porosity at and below the top carbonate.
The presence of the fluid contact causes only a subtle change in the angle gather. The large amplitudes just below the GWC are caused by a large change in porosity, which swamps the signal from the contact. These observations highlight the problems with not only interpreting the location of the top carbonate but also predicting whether or not gas is present and if so the location of Figure 4 . Reflection coefficient versus angle for (a) shale on carbonate, (b) gas on brine carbonate, i.e., a GWC, and (c) brine carbonate on brine carbonate. The two dots represent the average angle of the near-and far-stack seismic. In (a), the blue curves represent shale on brine and the red curves represent shale on gas carbonate. The darker colors represent lower porosity carbonate. In (b), the darker colors represent lower porosity carbonate. In (c), the dark blue represents medium on low porosity, light blue represents high on medium porosity, and cyan represents high on low porosity. Figure 5 . Synthetic angle gathers generated from in situ and brine substituted log data. The mineral and fluid volumes are shown in the first two tracks, and the acoustic impedance (AI) and V P ∕V S logs are shown for in situ (black) and brine (blue) cases. A wavelet extracted from the seismic data and a zero-phased version of that wavelet have been used to generate the synthetics. All data are resampled to 4 ms. The vertical tick marks are every 10 ms, and the thick horizontal lines represent the top of the carbonate (TC) and the GWC.
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Well tie
The well is placed in time using a combination of the checkshot time depth points and the integrated P-sonic log from the in situ model. The integrated sonic requires a linear drift correction of only 1.7% to provide a match to the checkshot velocities. Wavelets are estimated for three angle stacks of prestack time migrated seismic data whose average angles are 8°, 20°, and 31°. The wavelets are estimated using the method of Walden and White (1998) . The wavelets estimated are consistent with each other and have a phase difference of only 10°from near to far, with the phase errors of individual wavelets less than 10°. The correlations of the synthetic to seismic for the trace at the well location range from 0.88 at the near to 0.93 at the far, although slightly higher correlations exist for nearby traces. The percentage of energy predicted ranges from 66 to 78. These metrics indicate that there is a high degree of internal consistency in the wavelet estimation process and that with these wavelets there is a strong consistency between the petrophysical properties and the seismic amplitudes. As such, no iteration was required to the petrophysics or rock physics model and the seismic data can be considered to be of reasonable quality. Note that this process when applied to one well only within a large survey might result in overfitting and bias.
Feasibility
The seismic data available consist of three angle stacks containing data from 5°to 35°and have a bandwidth of 6-60 Hz at the interval of interest when considering the −6 dB points of the estimated wavelets (the bandwidth is slightly lower for the far stack). The AVO analysis at the rock physics stage has indicated several limitations and ambiguities. The limited angle range and bandwidth may introduce more limitations. Elastic impedance logs are created for an angle of 35°for each of the in situ, brine-, and gas-saturated cases and bandpass filtered to the seismic bandwidth. These data are crossplotted against the band-pass-filtered acoustic impedance and polygons drawn on the crossplot to interpret zones with similar properties. One set of results is plotted in Figure 6 . The polygons have been optimized in an attempt to bring out the top carbonate and the fluid contact. The top carbonate appears to have been identified reasonably well for all scenarios; however, this comes at the cost of predicting shale within the carbonate. It also appears that the fluid contact has been identified for the in situ case (track 3); however, the same delineation is present in the case in which gas is included throughout the interval (track 5) and therefore indicates that the ability to identify gas is not straightforward and that the current delineation is probably controlled by the significant change in porosity. This problem with fluid identification is further emphasized by the prediction of brine at the top of the carbonate for all scenarios. It would seem though that the top of the carbonate and the presence of very high porosity gas can be extracted from the seismic data. This might be overly optimistic because there is no account of noise taken in this analysis and it has been observed that the well tie, although good, is not perfect. Given that carbonates are very heterogeneous this one data point may not be indicative of the problems at other locations. The feasibility does though suggest that the maximum information available in the seismic data alone will be insufficient to achieve the study objectives and that additional information will need to be added and/or constraints applied during inversion and interpretation.
Inversion

Relative elastic impedance inversion
A model-based inversion has been applied to the near and far stack data separately. The LFM used was a simple trend with a frequency content of less than 2 Hz. Such a simple LFM is fine because, subsequently, the relative elastic properties from the inversions were Figure 6 . The band-limited elastic impedance (EI) near (black) and EI far (green) are shown for the in situ, brine, and gas scenarios in tracks 3-5, respectively. The background colors in these tracks represent the prediction of shale (gray), brine carbonate (blue), and gas carbonate (red) from crossplot analysis of the respective EI logs. The volumes of minerals and fluids are shown in tracks 1 and 2. All data are shown at 4 ms sampling. The vertical tick marks are shown every 10 ms, and the thick horizontal lines represent the top of carbonate and GWC.
T646 Interpretation / November 2017 obtained by band-pass filtering the absolute impedances using a filter with corner points of 6-12-60-70 Hz (this choice will be discussed later). Following the same procedure as in the feasibility analysis, polygons have been designed to try to classify shale, brine carbonate, and gas carbonate. The results are as expected based on the feasibility analysis, though additional issues arise because the overburden and the carbonate vary laterally away from the well location. Figure 7 shows a section through the carbonate from the south to north through the drilled well location. The figure shows the three angle stacks in the top row after zero-phasing and the relative elastic impedance inversions (for near and far stacks) and the polygon classification in the second row. The approximate location of the top of the carbonate can be identified from the change in dynamic range of the seismic amplitudes. The presence of high-porosity gas carbonate is captured from the relative properties, including the possibility of a GWC. On the other hand, "gas carbonates" are shown at locations that do not make sense, for example, down the steep flank of the carbonate. These are, in fact, sidelobes resulting from the lack of lowfrequency information at the strong contrast between overburden and low-porosity carbonate. Most of the carbonate section is incorrectly identified as shale. The polygon classification is imperfect due to the overlapping distributions of different rock and fluid types in the bandlimited elastic domain. This ambiguity is expected and exposes the limits of the information within the seismic amplitudes. The ambiguity can be reduced through the introduction of prior expectations in various guises. One method to introduce prior expectations is through a more detailed LFM for inversion.
Standard simultaneous inversion
It is standard practice to complement the information within the seismic bandwidth during seismic inversion with lowfrequency information in the form of a model derived from either or seismic velocity and well-log data that have been conditioned, calibrated, and transformed as necessary. In the case of simultaneous inversion of partial prestack seismic data, seismic velocities must be calibrated to well data and converted to S-wave velocity and density to provide sufficient data. In the current case, the well data are not of sufficient length for accurate calibration of the seismic velocities. The seismic velocities contain information only less than 2 Hz. The well P-wave velocity data are only 120 ms long, which is only just above the Nyquist sampling rate for 2 Hz. In addition, conversion of seismic velocities to density and S-wave velocity is very challenging, even when calibration is possible. The relationships between P-and S-wave velocities, for example, are dependent on the distribution of lithology and the fluids, two of the main prediction objectives of the study. A similar challenge arises when using well data for constructing LFMs. Correct interpolation or extrapolation of well data would require a reasonable understanding of the distribution of lithology and fluid, and in this case Figure 7 . The top row presents the three angle stacks of seismic data available; near to far from left to right. The section passes through the well as indicated and the top of the carbonate and GWC are shown at the well. The second row shows the band-limited elastic impedance of the near (left) and far (middle) stack. On the right, an interpretation of the distribution of shale (gray), brine carbonate (blue), and gas carbonate (red) based on crossplot analysis of the EI inversion data. The third row shows the AI (left) and V P ∕V S (middle) from a simultaneous inversion. On the right, an interpretation based on crossplot analysis, in which the darker colors represent lower porosity in the carbonates. The fourth row presents the AI (left) and V P ∕V S (middle) and facies (right) from a facies-based inversion. Each image represents 160 ms by 2750 m.
Interpretation / November 2017 T647 porosity within the carbonates prior to inversion. These challenges suggest that an iterative approach to inversion might be appropriate in which an initial inversion with a reasonably uninformative LFM is used as the basis for an interpretation that in turn can be used to improve the LFM (e.g., Sams and Carter, 2017 ).
An additional problem often faced with simultaneous inversion is that obtaining stable estimates of V P ∕V S requires the imposition of constraints. Most simultaneous inversion algorithms include regularization in terms of constraining relationships between acoustic impedance, which is the most stable of the estimates, and shear impedance and density (as described, e.g., in Kemper, 2010) . That is shear impedance (and density) can be constrained to follow a relationship with the estimated acoustic impedance. It is clear from the rock physics analysis that the relationship between acoustic and shear impedance changes significantly from the shales to the carbonates and from gas to brine carbonate. Even if these rock physics constraints could be varied spatially, the distribution of rock type and fluids would have to be known prior to the inversion.
We carry out a simultaneous inversion using a LFM that has been constructed based on a rough interpretation of the model-based inversions of the near and far stacks. The approximate top of the carbonate has been picked based on the elastic impedance inversion and a GWC has been picked flat in time consistent with the well data. We know from the well tie that the top carbonate interpretation from the elastic impedance inversion is incorrect when there is gas, as we are only able to pick out the top of the high-porosity interval. The GWC interpretation will be reasonable, but due to the contrast in properties of the intracarbonate and overburden shales, a flat contact in depth will be deeper in time at the edges of the structure than the center. The seismic velocities are used as the basis for the model (calibrated to a distant well within the seismic survey). P-wave to S-wave and P-wave to density relationships are estimated from the well logs and applied to the seismic velocities in the shale, gas carbonate, and brine carbonate to produce models of acoustic impedance, shear impedance, and density. These models are piecewise smooth with sharp contrasts at the interpreted boundaries (top carbonate and GWC). The models are low-pass filtered prior to the inversion. The filter frequencies are selected to complement the frequency content of the seismic data. Testing of the frequencies required indicate a filter with 6-12 Hz corner points. The testing comprises applying different filters to the LFMs and seismic inversion results, then comparing these with the well logs, which have undergone the same filtering, through the use of metrics such as crosscorrelation and root mean square (rms) differences. At the same time, the useful upper frequency range is estimated to be 60-70 Hz. Very weak acoustic impedance to shear impedance and acoustic impedance to density constraints are applied, so as not to bias the V P ∕V S or density results toward any relationship with acoustic impedance or the LFM.
We interpret the results of the inversion in terms of the distribution of shale, gas carbonate, and brine carbonate: The carbonates are classified in terms of low, medium, and high porosity (Figure 7) . The interpretation is made through polygon classification of absolute acoustic impedance and V P ∕V S . It is possible to delineate the different rock and fluid types more accurately than from the relative elastic impedance results. In general, the shales, brine, and gas carbonates appear in the right places, although there are some significant exceptions. The appearance of a relatively flat transition from gas to brine is being driven predominantly by the acoustic impedance result. There is little or no indication of this transition in the V P ∕V S result. The prediction of a layer of gas carbonate within the shales on the left of the section also highlights the lack of accuracy in the V P ∕V S result. The V P ∕V S seems to be dominated by the smooth LFM. As a result, within the predicted gas carbonates, the elastic properties are not always those of gas carbonates, but intermediate between gas carbonate and shale, for example. Indeed, the polygons designed to classify the different rock and fluid types are extended beyond those regions where the rock physics analysis indicates the properties of these rocks should cluster. This empirical approach to the interpretation (that is adjusting the interpretation polygons to cope with the idiosyncrasies of the inversion results) is helpful to a certain extent, but the lack of a clear link with the expected elastic properties of the rocks is a concern and in this case results in predictions that are less than optimal. It is not possible within a standard simultaneous inversion to ensure that the output honors the rock physics relationships of the rocks and fluids present in the subsurface even if known a priori; the rock physics constraints that can be applied at best represent only some sort of average of all rocks expected within the inversion window. One way to overcome this limitation is to use a facies-based inversion (Saussus and Sams, 2012) .
Facies-based inversion
We define a facies-based inversion as one that solves for the distribution of predefined rock and fluid types (socalled facies) simultaneously with the elastic properties of those facies. By solving simultaneously, it is possible to constrain the results to honor the expected elastic properties of the different facies. There are two main approaches to this type of inversion: stochastic in which multiple realizations are generated (e.g., Sams et al., 1999) and maximum a posteriori (MAP) in which a single "most likely" realization is produced (e.g., Kemper and Gunning, 2014) . Both referenced methods use Bayesian expectation. For this study, we use the MAP approach (e.g., Sams et al., 2016; Zabihi Naeini and Exley, 2017) .
We define shale, high-, medium-, and low-porosity gas carbonate, and high-, medium-, and low-porosity brine carbonate as the facies. For each facies, a trend in depth T648 Interpretation / November 2017 for P-wave velocity is assigned referenced to a datum, which is the mudline in this case. For the shales, the trend follows the well data throughout the logged interval and otherwise an average trend from the seismic velocities. The trends for each of the carbonate facies are constant values; i.e., there is no depth dependency. Uncertainties around the trends are also assigned. Relationships between P-and S-wave velocities and between P-wave velocity and density are fit to the well-log elastic data (a combination of measured and modeled data). Uncertainties are also assigned to these relationships. By referencing the depth trends for all facies from the mudline, LFMs for all facies are created. Note that these LFMs include a description of correlation and uncertainty, so they effectively represent probability density functions in 3D. In simple terms, the inversion works by finding the most likely spatial distribution of facies that when populated by elastic properties drawn from the 3D probability density functions for those facies honors the seismic data. The distribution of facies is biased by prior facies probabilities, and the seismic data are honored to a degree determined by an estimate of signal to noise. The output from the inversion is the most likely facies and the associated absolute elastic properties. The final low-frequency information of the absolute values is determined by the predicted vertical distribution of the facies and the LFMs of those facies. Whatever the resulting facies, the low-frequency component is therefore optimal for that distribution of facies. The vertical distribution of the facies is conditioned by the prior facies probabilities and determined by the match to the seismic.
The prior probabilities provide context rather like the low-frequency component in the standard simultaneous inversion as even when we force the results to honor rock physics relationships there is still a considerable amount of nonuniqueness. For example, the highest porosity brine carbonates can have elastic properties very similar to those of shale (Figure 3 ), such that a brine carbonate could appear at depths within the overburden without impacting the match to the seismic. Prior probabilities need to be set to reduce the possibility of unrealistic scenarios but not so tight that we force the results toward a prior interpretation. Therefore, in this case, we can ensure that some distance above the initial interpretation of the top carbonate there is 100% probability of shale, and that some distance below the initial interpretation of the GWC there is 100% probability of brine, and a zone in between where there is a 100% probability of gas carbonate. We know that the initial interpretations are not accurate, so over a margin around the horizons the prior facies probabilities are set equal (e.g., an equal probability of shale or carbonate around the top carbonate interpretation). The margin is set to three samples (12 ms) on either side of the horizons.
The results of the inversion are shown in Figure 7 . The elastic properties and the facies are direct outputs of the inversion. There are many similarities with the results of the two other inversion and interpretation workflows; however, there are some noticeable improvements. The facies distribution is more consistent with expectations. The elastic property models have sharp interfaces at the boundaries between different facies. The GWC is visible in the V P ∕V S as well as the acoustic impedance as the elastic properties are constrained to honor the elastic property relationships of each facies. The GWC appears to dip toward the flanks, which is consistent with a flat GWC in depth.
Comparison
A detailed comparison of the standard simultaneous inversion and facies-based inversion at the well location is shown in Figure 8 . The display shows for each inversion the comparison between the measured and modeled facies, elastic properties in the absolute and relative domains, and seismic amplitudes. The standard simultaneous inversion (upper panel in Figure 8 ) gives a reasonable prediction of the acoustic impedance in the absolute and relative domains. Note that in the absolute domain, no filtering has been applied to the inversion results or the well-log data, but the well-log data have been resampled to 4 ms. The density is not predicted with any accuracy at all. Although not shown here, a better density prediction can be made by forcing the density to follow the acoustic impedance through a tight constraint during inversion because the actual relationship is very strong in this case. The V P ∕V S is only moderately well-predicted. Note that the constraint applied to the shear impedance during inversion is the same strength as applied to the density. There is an indication of a zone of lower V P ∕V S associated with the gas carbonate, but the absolute V P ∕V S does not match the expected V P ∕V S for gas carbonates, nor for the shales immediately overlying the carbonate. The very top of the carbonate is complicated by a thin layer of relatively high acoustic impedance and low V P ∕V S . The transition from shale to carbonate from inversion is much smoother than in the log data and points to the limited information in the seismic data to produce accurate V P ∕V S . This could be mitigated to some degree by increasing the frequency content of the input LFM that contributes to the inversion. The drawback of this would be to bias the inversion results toward the prior interpretation of the location of the top carbonate, which may not be accurate. The GWC appears to be resolved to some degree, although we should be aware of the ambiguity between fluid and porosity changes highlighted in the feasibility study ( Figure 6 ).
The facies-based inversion results at the well are presented in the lower panel of Figure 8 . The layout is the same as for the simultaneous inversion. The match between inversion and well-log data for acoustic impedance, V P ∕V S , and density is very good (crosscorrelations of 0.93, 0.88, and 0.96, respectively, for bandlimited results of facies-based inversion as compared with 0.92, 0.65, and −0.31 from simultaneous inversion). No predefined LFM contributes to the results, so the match between absolute properties is as useful a quality Interpretation / November 2017 T649 control of the inversion as the match between relative properties. Sharp changes can be observed at the boundaries between different facies. These sharp changes contribute across a broad range of frequencies and help to improve the match for the relative elastic properties. Overall, the facies-based inversion provides a more accurate prediction of the elastic properties and facies compared with the standard simultaneous inversion, while honoring the seismic to the same degree.
Discussion
It is interesting to consider how well the reservoir in this study might be characterized from the seismic data prior to drilling the well. Let us assume that the rock physics is known and accurate wavelets can be established from offset well data within the seismic survey, such that the phase and polarity of the seismic are known. The largest amplitude of the seismic data at the crest of the carbonate structure is negative (after zero-phasing) on all stacks, becoming positive down dip (a positive here representing an increase in impedance). The rock physics analysis suggests that a large negative amplitude is only likely to occur when there is a seismically thick layer of very high porosity gas carbonate close to the top of the carbonate. The change from negative to positive down dip could either be due to a change in porosity or fluid or both. Analysis in 3D shows that the polarity change is conformal to structure. The presence of what appears to be a flat event within the carbonate at the same level as the polarity change from a relative impedance inversion and that this event is at a large angle with respect to the internal architecture, strongly suggests that this is a fluid contact. On the other hand, the rock physics analysis indicated that there might be some difficulty in detecting a fluid contact. The observation of a fluid contact in this case, supported by the amplitudes at the top carbonate, might be due to the following: porosity homogeneity, which means the event is able to stand out against the background variations; the lack of conformity to the internal structure; or the combination of fluid change with a porosity change with the possibility that the gas content has preserved or enhanced the porosity during diagenesis. Without the well, all the inversions shown in Figure 7 could be achieved without any additional information, so that predrill, it would be possible make reasonably accurate maps of the top of the carbonate, predict that gas is present, infer the location of a GWC, and estimate the porosity without bias from an imposed LFM. We asked the question in the introduction as to whether AVO helps in carbonate seismic reservoir characterization. The rock physics analysis clearly indicates that in the acoustic impedance domain there is a significant overlap for many of the facies herein defined. This means that we would rely heavily on the context and prior probabilities assigned for inversion to predict the distribution of facies. Running the facies-based inversion using the near-stack seismic data only, we find indeed that the distribution of facies is more constrained by the prior probabilities than when using the two additional angle stacks (Figure 9 ). To honor the well data when using only a near stack requires much tighter constraints. Thus, even when the AVO information within the seismic data is limited, it still provides useful control over the results. Figure 8 . The results of simultaneous inversion and interpretation (upper) and facies-based inversion (lower) at the well location. The two left tracks show the interpreted facies and the well facies. Tracks 3 and 4 show the absolute and relative AI, tracks 5 and 6 show the absolute and relative V P ∕V S , and tracks 7 and 8 show the absolute and relative density. The black curves are the well-log data and the red curves are the data from inversion. The blue logs the upper tracks are the LFMs used. No filtering has been applied to the absolute data, but they are resampled to 4 ms. In tracks 9-11, the seismic, inversion synthetics, and residuals are shown for each of the three angle stacks.
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Conclusion
The combination of the physics and geology of carbonate rocks with the often limited information in seismic data means that significant constraints need to be applied during inversion to produce reservoir models that are consistent with the input information but not biased by the limitations of any initial interpretations. Under reasonably common conditions for Miocene carbonates in Southeast Asia, the top of a carbonate reef, the presence of gas and the location of the GWC have significant uncertainties. Correct prediction of the presence of gas is probably limited to the cases when there is a reasonable thickness of very high porosity close to the top of the carbonate, and therefore the effective acoustic impedance is lower than the overburden shale. When the top carbonate acoustic impedance is higher than the overburden, the prediction of gas depends on the ability to accurately predict the V P ∕V S , which will depend on the quality and characteristics of the seismic data. The presence of an easily recognizable GWC is not expected unless the carbonate is homogeneous and has moderate to high porosities. The case study presented here is unusual in that prior to drilling, knowing the rock physics and wavelets, it might have been possible to accurately predict the top of the carbonate, the presence of gas, observe a GWC, and quantify the porosity.
A facies-based inversion for Miocene carbonates of Southeast Asia has significant advantages over standard inversion techniques. The requirement to build an LFM to provide context and constraints for a standard inversion will likely introduce bias away from well control. Any such low-frequency bias will have a significant impact on the porosity predicted from the inversion results. It is not possible to completely remove bias even when strong rock physics constraints are applied per facies as there remains significant nonuniqueness. Such nonuniqueness could be explored through a stochastic approach. When considering a single output model, however, we are trying to produce the most likely result on the basis of all the data and information that we have. A facies-based inversion of the type presented here has the potential to produce models that are closer to the most likely result than a standard approach to inversion. Including AVO in the inversion will also produce better constrained results, even for carbonates. 
